Abstract This study took advantage of a unique opportunity to collect large sample sizes of a coral reef fish species across a range of physical and biological features of the Hawaiian Archipelago to investigate variability in the demography of an invasive predatory coral reef fish, Cephalopholis argus (Family: Epinephelidae). Agebased demographic analyses were conducted at 10 locations in the main Hawaiian Islands and estimates of weight-at-length, size-at-age, and longevity were compared among locations. Each metric differed among locations, although patterns were not consistent across metrics. Length-weight relationships for C. argus differed among locations and individuals weighed less at a given length at Hilo, the southernmost location studied. Longevity differed among and within islands and was greater at locations on Maui and Hawaii compared to the more northern locations on Oahu and Kauai. Withinisland growth patterns differed at Kauai, Oahu, and Hawaii. This work provides a case study of fundamental life history information from distant and/or spatially limited locations that are critical for developing robust fishery models. The differences observed both among and within islands indicate that variability may be driven by cross-scale mechanisms that need to be considered in fisheries stock assessments and ecosystem-based management.
sedentary adults connected by larval dispersal; thus, spatially segregated populations are subject to varying physical and biological conditions (Sale 1998; Kritzer and Sale 2004) . Previous studies have demonstrated that the biology of coral reef fishes can be highly variable in space due to mechanisms related to the dynamic, patchy environment of coral reef systems (Caselle and Warner 1996; Meekan et al. 2001; DeMartini et al. 2008; Pittman and Brown 2011) . For example, variability in the demography of coral reef fishes has been documented in several studies from the Caribbean (Choat et al. 2003; Robertson et al. 2005) and Great Barrier Reef (GBR) (Gust et al. 2002; Williams et al. 2003) at multiple spatial scales. These studies describe the possible extent of geographic variation in reef fish population dynamics and highlight the need for understanding mechanisms driving the variability.
Variation in demography of both temperate and tropical fishes has been investigated in relation to factors including environmental conditions (Robertson et al. 2005; Ruttenberg et al. 2005; Trip et al. 2008) , ecological processes (Gust et al. 2002; Williams et al. 2003; Pears 2005) , and anthropogenic impacts such as fishing (Trip et al. 2008; Taylor and McIlwain 2010; Caselle 2011) . Together, these observations indicate that coral reef fishes exist as spatial populations with geographically varying phenotypic traits. Measuring demographic patterns at multiple spatial scales is, therefore, relevant and needed to understand how coral reef fish populations are structured and how they can be more effectively managed (Williams et al. 2003; Kritzer and Davies 2005) .
Evidence that growth parameters of fishes vary by location has implications for both fisheries management and marine spatial planning. First, the application of stock assessment models requires defining what comprises a stock and, therefore, depends on the ability to distinguish between stocks. Traditional stock assessment methods assume fish populations are closed and homogeneous in life history characteristics (Beverton and Holt 1957) . These assumptions are inappropriate given the growing body of research on the spatial variation in species life history parameters, and newer models incorporating spatial variation require spatial data for parameterization (Cope and Punt 2009) . Secondly, predicting a species response to protection from fishing and the appropriate tools for management will be dependent on the spatial scale at which variability in the life history of the species is considered. This is particularly true if differences in demography indicate the isolation of populations in question.
Sound management of reef fishes requires a better understanding of habitat requirements in the life histories of reef fishes and the extent to which fish-habitat relationships influence population dynamics at broader spatial scales (Friedlander et al. 2007 ). In Hawaii, diverse geological and oceanographic conditions exist to form distinct habitats along coastlines among and within islands (Grigg 1998) . Habitat diversity, quality, and extent are important determinants of fish assemblage structure on coral reefs in Hawaii (Friedlander and Parrish 1998; Friedlander et al. 2003) . Studying variability in growth of fishes across the Hawaiian Archipelago provides an opportunity to assess the physical and biological processes shaping fish populations.
The peacock grouper Cephalopholis argus (known in Hawaii by its Tahitian name "roi"; family Epinephelidae), is an introduced fish that has become well established in Hawaiian waters. C. argus was introduced to Oahu and Hawaii Island in the Hawaiian Archipelago from the South Pacific during the 1950s as part of a program to enhance nearshore fisheries (Randall 1987; Dierking et al. 2009 ). Despite hopes of creating a new fishery, C. argus has not become a preferred target species in Hawaii because of concern about ciguatera fish poisoning. In recent years, C. argus gained notoriety among some elements of the public as a harmful invasive species, and communitybased efforts to control these populations are occurring at the local level. In Hawaii and elsewhere, C. argus is known to prey on small fishes, including the recently settled and older juveniles of many species; consequently there are concerns that the current abundance of C. argus may be having detrimental impacts on local reef fish assemblages (Dierking et al. 2009 ). Another study found that length, weight, and body condition were significantly greater for C. argus in Hawaii than in a native South Pacific population, indicating competitive release (Meyer and Dierking 2011) .
The community-based removal of this species provided a rare opportunity to comprehensively collect a coral reef fish across islands within an archipelago. Not only was this an opportunity to provide insight into the population dynamics of an invasive species, but it also helps inform population models for coral reef fishes in a more general context. The magnitude of collections enabled comparisons across various spatial scales and could allow for investigations into the relative status of populations across the state.
In this study we investigate the life history traits of C. argus at 10 distinct locations across the main Hawaiian Islands. A spatially explicit sampling design was used in order to address the magnitude of variation among and within locations. We conduct an agebased demographic analysis and describe patterns of size and age, longevity, and growth at multiple locations. This study evaluates the importance of variability in demographic parameters in a coral reef fish as input to stock assessment. Further, this is a step towards understanding the variation in demographic parameters that occurs at multiple spatial scales and how this relates to the ecological role of a predatory fish species in the ecosystem.
Methods

Study organism and study area
Cephalopholis argus were collected opportunistically throughout the main Hawaiian Islands from March 2008 to December 2011. Frozen specimens were donated to the University of Hawaii by community members, primarily spear-fishers, along with information on the location and date of capture. Ten locations across the Hawaiian Islands were chosen for comparison based on a minimum available sample size of 30 fish specimens, with additional consideration that the size range of the respective population was sampled (Fig. 1, Table 1 ). Three locations were selected on the island of Hawaii, one on the windward coast in and around Hilo Bay, and two on the Kona Coast. Sampling was concentrated at one location on Maui (Olowalu on the south-west coast) where the most intensive collecting has occurred. On Oahu, samples were pooled along each of the four major coastlines. Two locations were sampled on Kauai; one on the north coast in and around Hanalei Bay, and one on the south coast near Poipu (Fig. 1 ).
Dissections and otolith preparation
Each frozen specimen was thawed, blotted dry, and weighed to the nearest gram. Total length (TL) and standard length (SL) were measured to the nearest millimeter. Sagittal otoliths were carefully removed, cleaned in water, rinsed in 95 % ethanol, and air dried. Once dry, otoliths were weighed (to 0.01 g). Damaged otoliths were not used for further analysis. Both the right and the left otolith were measured along the longest axis (0.1 mm) using digital calipers.
Otolith processing followed methods described by Choat et al. (2003) . The left otolith was used for ageing, unless missing or damaged. The sagitta was mounted in thermoplastic glue (CrystalBond) on the edge of a glass microscopy slide and ground down to the core with 800-1,200 grit sandpaper on a rotary grinder; cross-sectioning before grinding was unnecessary. The thermoplastic glue was then reheated and the otolith was remounted flush on the slide on the ground side. The opposite side of the otolith was then ground until a suitable thickness was reached. The resultant thin section was polished by hand with 30-3 μm polishing paper and viewed with a transmitted light microscope under 10-100× magnification.
One pair of sequential light and dark bands was assumed to form once yearly; these were counted by one observer on three different occasions. In the case where counts were <10 % different, either the median or younger age was consistently used for analysis. In the case of a disputed age (>10 %), the annuli were recounted, and if consensus was not made, the otolith was excluded from analysis. Otolith weight was regressed against estimated age, and any extreme outliers (> 4 S.E.) were re-examined. Otoliths from individuals with an estimated age of 1 year were re-analyzed for daily rings to validate the first annulus and provide age estimates in portions of years. Pears (2005) conducted initial age validation experiments for C. argus by marking wild-caught individuals with oxytetracycline (OTC), recapturing four fish that had been at liberty for 6 months, and subsequently examined the width of marginal material deposited on the outer edge since marking. Pears (2005) found that OTC marks were generally consistent with annuli being formed once yearly and that there was a strong correlation between otolith weight and number of increments, indicating that otoliths accrete calcium carbonate throughout the life of the fish (Choat and Axe 1996; Fowler 2009 ).
Demographic parameter estimation
Length-weight The relationship between length and weight for C. argus was estimated using non-linear least-squares regression for each location. Data were fit to an allometric length-weight function:
where W is total weight, L is total length, b is the allometric growth parameter and a is a scaling constant. Analysis of covariance (ANCOVA) was used to compare the relationship between location, with log 10 (W) as a response variable and log 10 (TL) as a covariate and where significance was defined as p≤0.05 (Jennings et al. 2001) . ANCOVA was followed by a multiple comparison test (each pair, student's t) to evaluate differences among sites.
Growth Growth curves were generated from lengthat-age data from the otoliths for each location. These were evaluated using three candidate growth models. Traditionally, the von Bertalanffy growth function (VBGF) is used to describe growth in fishes (Ricker 1975) .
where L(t) is length at age t, L ∞ is mean asymptotic length, K is the rate of decline in growth rate with increasing size, t is the age in years, and t 0 is a theoretical age at which length is 0. While VBGF parameters have been used extensively in fisheries, recent work has suggested that the interpretations of these parameters are unsuitable for statistical comparison, and thus the re-parameterized VBGF (rVBGF) has been proposed (Francis 1988; Trip et al. 2008) . The re-parameterized equation is as follows:
where , r ¼
is the average size-at age t to be predicted by the model, provided that
, and L(μ) are estimated from the average body size at three ages C, ω, and μ. Values for C and μ were chosen to represent points during the later, slower growth phase and the early rapid phase, in this case C=12 years and μ=2 year, respectively. Age ω was calculated as the mean of C and μ.
An important consideration when modeling growth is the inclusion of small young individuals to accurately represent the initial rapid growth phase of the curve. Several species of fishes require curves that accommodate two phases of growth based on an ontogenetic shift from juvenile to adult habitat (Porch et al. 2002) . To explore this possibility for C. argus, a double von Bertalanffy model was fit to data from West Maui. West Maui was chosen because it had the greatest overall sample size and greatest range in sizes of small individuals. The double von Bertalanffy model (Porch et al. 2002) , which accounts for rapid growth at early ages while also describing slowing growth at older ages, jointly fits two curves and combines them at a transition age (t x ) defined as: Fig. 1 Map of sampling locations, boxes indicate general sampling areas (collections occurred nearshore to depths limited by freediving)
Growth model parameters were fit by minimizing the negative log-likelihood given a probability density function with a normal distribution for the traditional model and a Poisson distribution for the reparameterized model (Kimura 1980; Bolker 2008; Trip et al. 2008 ). Akaike's Information Criterion (AIC) (Akaike 1981) values were calculated for both models and the model with the smallest AIC value was selected as the best among those tested.
Longevity Longevity (t max ) was calculated as the mean age of the oldest 20 % of individuals for each location (Gust et al. 2002) . Differences in longevity across locations were evaluated with a one-way ANOVA with location as a fixed factor and with significance defined as p≤0.05. The average maximum length was calculated as the mean total length of the oldest 20 % of individuals.
Comparison of demographic parameters
To compare growth curves among locations, data were truncated to include only those ages after the transition age (t x ) found in Eq. [4] . Thus, the curve comparisons represent freely fitted models of post-juvenile growth. Likelihood ratio tests were used to compare growth curves and parameter estimates among each of the locations (Kimura 1980). Additionally, 95 % confidence regions around maximum likelihood estimates of L ∞ and K were constructed following Kimura (1980) . All analyses were conducted using R v.2.13 (R Development Core Team 2009).
Results
A total of 1,136 C. argus were collected across the main Hawaiian Islands, of which 592 were included in size-at-age analyses. Individuals in the aged sample ranged in size from 14.4 cm to 49.6 cm TL and in age from 228 days to 26 years (Table 1) . Sampling effort varied across locations with the greatest effort occurring at West Maui. Despite this, distributions of fish length for each sampling unit were similar, with minimum sizes by location ranging between 14.4 cm and 22.4 cm. The largest individual captured (54.2 cm TL) was 6 cm smaller than the reported maximum length (Randall 1996) . The slope of the weight-at-length relationship did not differ among locations (1-way ANCOVA, F 1,9 = 1.533, p=0.13), but the intercepts did (F 1,847 =24.76, p<0.001; Table 2, Fig. 2 ). This indicates that the shape of the relationship is the same but that the weight of an individual at a given length differs among locations. At Hilo, the southernmost site, fish weighed less at a given length than at any other location (p<0.001). Weight-at-length relationships did not differ among locations on Oahu (Table 2) .
Growth
Otolith analysis satisfied Fowler's (2009) criteria for providing estimates of fish age in years: (1) otolith displayed internal structure of increments, (2) increments were regular and on a determined time scale, and (3) otoliths grew throughout the life of the fish [following validation by Pears (2005) ]. Otolith weight was a good predictor of age (r 2 =0.83, F 1,346 =1,656, p<0.001; Fig. 3 ) with slopes of this relationship varying by location (F 18,329 =98.71, p<0.001). The relationship between age and fish length was consistent across locations with fast initial growth followed by subsequent slower growth.
Results from West Maui support the observation of fast initial growth in this species, but data from the first year were lacking at other locations (Fig. 4) . The double-von Bertalanffy model was fit to West Maui data and the transition age was estimated to be 0.95 years with K equal to 0.70 and 0.12 before and after the transition age, respectively. Cephalopholis argus juveniles are, therefore, growing very rapidly during their first months of life and growth slows appreciably after year 1 (Fig. 4) . Given these results, comparisons among locations included individuals at least 1 year and older to account for variable sampling of small, young fishes. The parameters of the growth functions, therefore, represent the growth trajectory of post-age 1 fish only.
Variation in the relationship between size and age was apparent across locations (Table 1, Figs. 4, 5 and 6). These differences were reflected in measures of longevity as well as conventional and reparameterized von Bertalanffy parameters. Longevity (mean age of oldest 20 % of fish) differed among islands and locations within islands (ANOVA, F 9,108 =5.75, p<0.001). This pattern was also reflected in analysis of size data from individuals in the top 20 % age groups for each location (ANOVA, F 9,108 =5.89, p<0.001). Longevity and maximum age were greatest at West Maui (Table 1) . Additionally, longevity was greater for individuals at West Maui, North Kona and Hilo compared to more northerly locations on Oahu and Kauai. Longevity and maximum age were smallest at South Oahu (Table 1) , where the distribution of size and age was truncated compared to other locations (Fig. 4) . Anecdotal evidence suggests that larger and older fish from this location were being sold in local markets and were therefore not incorporated into our samples (D. Tanaka pers. comm) von Bertalanffy parameters differed for several combinations of locations. Cephalopholis argus at West Maui and North Kona separated from all other locations, reaching an asymptotic length at a faster rate and smaller size (Figs. 5 and 6), and were larger at 5 years of age L(ω) (rVBGF; Fig. 8 ). Truncated age distributions were observed at Figs. 5 and 6 ). Confidence intervals for South Oahu were large because of a small sample size and larger variance than the other locations; and for this reason parameter estimates for this location may not accurately reflect the population at this location. West and East Oahu did not differ statis- Fig. 2 Allometric lengthweight relationships for all samples combined, and by location Fig. 3 The relationship between left otolith weight (g) and fish age for C. argus in the main Hawaiian Islands tically from each other. Two locations (north, south) were sampled within Kauai; estimates of L ∞ were greater for South Kauai and confidence intervals did not overlap (Figs. 4 and 5) .
Estimates for L(ω) increased by location from north to south, indicating that the inflection points at which growth slows decrease with latitude (Fig. 8) . Estimates of L(τ), which represents the theoretical size at which fish are 12 years old, were larger at the southern locations, with the exception of South Kona, but this might be an artifact of a small sample size at this location.
Discussion
This study highlights spatial variation in several life history characteristics of an invasive predatory coral reef fish across a range of locations and islands within the main Hawaiian Islands. We were able to sample across a broad geographic area as a result of a community-based effort to remove this invasive species. The results suggest an interaction between cross-scale mechanisms since growth of C. argus varied by location both within and among islands. Longevity estimates were greater at locations on the southern two islands versus the northern islands. Similarly, individuals were smaller at a given age and the age at which growth slowed was older for the northern vs. southern sites.
Our findings provide data that are important for illustrating that robust fishery models must incorporate life history data taken from distinct and/or spatially delimited locations. This means that typical stock production models that rely on life history information would not account for this variability if only a single location were to be used. Although several north-tosouth patterns existed, there were no indications of a simple linear latitudinal gradient in our results. Thus, mechanisms driving spatial variability in growth rates may not be simply related to factors correlated with latitude, but instead may be a combination of drivers occurring across spatial scales. Questions can, therefore, be raised about the mechanisms driving spatial variability in growth rates such as environmental conditions, ecological processes, and anthropogenic impacts.
Our observations of shorter lived C. argus at the northernmost locations and islands, where seasonal sea surface temperatures are lowest are inconsistent with those of Trip et al. (2008) who found a negative relationship between longevity and mean sea surface temperature in an analysis of surgeonfish age and growth across the Pacific Basin. However, C. argus grew more slowly (i.e., were smaller at a given age) and the age at which growth slowed occurred later for fish from northern versus southern sites. The latter pattern might suggest a latitudinal effect, but could also be explained by factors operating at finer spatial scales (e.g. within individual reefs).
Evidence for within-ocean basin variability provides only one end of the scale spectrum. In fact, the same study where longevity differences were found concluded that patterns in growth varied at the scale of sampling locations within an overall ocean basin (Trip et al. 2008 ). Further, a study of parrotfish growth on the Great Barrier Reef (Gust et al. 2002) investigated variations in growth among samples from tens-ofkilometers apart and found large differences. Gust et al. (2002) concluded that small scale variability in resource availability and exposure to wind and waves may have driven the differences. In this study, locations were compared at an intermediate spatial scale with locations representing reefs separated by 30-80 km within an island, and locations between islands separated by 10s to 100s of kilometers. Therefore, the extent of sampling in this study might be capturing an interaction between cross-scale mechanisms. Each location sampled is unique because of the complex physiography of the Hawaiian Islands, which are geographically isolated and exposed to large scale waves, swells, and currents combining to form unique flow Fig. 5 Size-at-age data for C. argus at 10 locations in Hawaii with best-fit curves for von Bertalanffy model with unconstrained parameters Each column represents the statistics of the test with df degrees of freedom, chi 2 chi square statistic, and p-value, * indicates a significant difference where p<0.05 patterns and habitats along each of the coasts . The diverse life history patterns in coral reef fishes have several important considerations when modeling growth (Choat and Robertson 2002) , including growth model selection and adequately describing the early stages of the curve (Berumen 2005) . Low number of juveniles in samples or a distinct form of growth for juveniles can lead to greater variability in parameter estimations (Kritzer et al. 2001) . Thus, many studies of reef fishes have constrained the intercept of the curve to limit the potential range of values for the other parameters and provide additional data that are missing from the samples (Kritzer et al. 2001 ). However, this approach assumes that this constraint, by improving the fit, will accurately describe all portions of the curve. Depending on the shape of the growth curve for a given species, constraints on the intercept may not lead to biologically meaningful parameter estimates. For C. argus in the Hawaiian Islands, although the most rapid growth is in the first year and growth slows appreciably during the subsequent few years, growth does not continue to decelerate markedly thereafter. This creates problems when fitting the von Bertalanffy curve as the two major parameters, L ∞ and K, are correlated. Constraining the intercept, therefore, results in an underestimation of size-at-age for the older fish. For these reasons a biphasic growth model was explored for West Maui with results suggesting that growth during the first year need to be modeled differently than the later portion of the curve. With this as evidence, model outcomes for the other locations represent only the second portion of the growth curve and can be interpreted as patterns of growth following the first year only.
Despite the large number of fish sampled for this study, individuals less than 1 year of age for most of the study locations were lacking. This could be a consequence of sampling selectivity, likely complicated by the rapid growth of this species during the first months of life. Sampling occurred year round, but sporadically. All sampling was done by spear-fishers in habitats ranging from nearshore to depths limited by free-diving (c. 20-30 m). While fisheries-dependent sampling is usually biased towards large individuals, this was not the case here. The goal of the fishing effort was for removal of an invasive species, and therefore, any individual seen was generally targeted. If a fishing event did not occur within a short period of time after benthic settlement, however, small individuals might not have been available. The spawning and settlement times of this species are unknown but are thought to occur in the first half of the calendar year in other groupers (Polovina and Ralston 1986; DeMartini et al. 2011) . Increased sampling during this period might provide samples of the smallest size class.
Alternatively, the lack of individuals less than 15 cm in length could be explained by an ontogenetic habitat shift. Several studies have documented rapid initial growth of groupers and have found that this phase usually occurs prior to an ontogenetic shift in habitat (Beets and Hixon 1994; Ross and Moser 1995; Manickchand-Heileman and Phillip 2000) . For gag (Mycteroperca microlepis) in the Atlantic Ocean, juveniles settle in seagrass beds during the spring and reach a mean size of 13.2 cm by September of the same year. Subsequent to the rapid initial growth, juveniles move to hard bottom reefs during mid-late autumn (Ross and Moser 1995) . A similar pattern may be occurring with C. argus in Hawaii as anecdotal evidence suggests that this species might recruit to the intertidal zone.
Beyond providing some insights to general fisheries management, this project has focused on the biology of an introduced coral reef fish species and has the potential to inform species-specific management. The increasing involvement of fishers in C. argus removal from local reefs underpins the importance of this issue to the local community. The close involvement of scientists and fishers in this process leads to stronger and more successful management actions because these partnerships build trust among stakeholders. This project is not only strengthened by this, but is possible due to the large scale efforts to remove this fish from the reefs of Hawaii.
Understanding the life history variation of this species is only a first step. Future work should focus on mechanisms driving the observed demographic variability. The Hawaiian Archipelago is an ideal place to conduct such a study owing to its unique physical environment and clear biogeographic gradients (Friedlander et al. 2010) . In addition to the growth variation characterized in this study, future work on recruitment, reproduction, and mortality is needed to fully understand the population dynamics of C. argus in the Hawaiian Islands. These additional metrics will allow for calculation of population turnover and reproductive output which will be key to minimizing invasive populations in the main Hawaiian Islands and preventing invasion of the Northwestern Hawaiian Islands.
